In this study, we propose a novel surface property measurement technique using noncontact atomic force microscopy (NC-AFM), which is referred to as the "dissipative force modulation (DM) method." NC-AFM-based surface property measurements have mostly utilized conservative tip-sample interaction forces, which induce a frequency shift of cantilever resonance without dissipating cantilever vibration energy. In the DM method, local surface properties are measured by detecting a modulated dissipative tip-sample interaction force which dissipates cantilever vibration energy and hence induces an amplitude variation in cantilever vibration. Since the force sensitivity to dissipative interactions obtained in a typical NC-AFM setup is much higher than that to conservative ones, the DM method can improve the sensitivities of conventional NC-AFM-based techniques that utilize conservative interactions. Combining this method with Kelvin-probe force microscopy, we present the first quantitative surface potential measurement through dissipative tip-sample interactions.
I. INTRODUCTION
Noncontact atomic force microscopy (NC-AFM) using the frequency modulation (FM) detection method 1 has attracted much attention due to its capability of imaging atomic-scale structures even on insulating surfaces 2 as well as on conductive surfaces. 3, 4 In addition to the imaging of surface structures, NC-AFM has also been used for the investigation of local surface properties at a nanometer-scale resolution. In particular, Kelvin-probe force microscopy (KFM) combined with NC-AFM (Ref. 5) has been applied to the measurement of local surface potential distributions at a nearly atomic-scale resolution.
In NC-AFM, a microfabricated cantilever with a sharp tip mounted at its end is brought close to the surface to detect various tip-sample interaction forces. These tip-sample interaction forces detected in NC-AFM are classified into two categories: "conservative" forces and "dissipative" forces. 6, 7 Conservative forces induce a frequency shift of cantilever resonance without dissipating cantilever vibration energy. On the other hand, dissipative forces reduce cantilever vibration amplitude, which means that the mechanical energy of the cantilever is dissipated through some of the tip-sample interactions.
Since tip-sample interaction forces in NC-AFM are mostly conservative, conservative forces, rather than dissipative forces, have been utilized thus far in NC-AFM applications. The frequency shift induced by a conservative tip-sample interaction force is detected and used for tip-sample distance regulation. In KFM, an ac bias voltage is applied between a tip and a sample, which modulates the magnitude of a conservative electrostatic force. Then the resultant change in cantilever resonance frequency is detected and used for bias feedback regulation. 5 In contrast to the conservative force measurements, surface property measurements hardly use dissipative forces. This is because energy dissipation in NC-AFM has different origins related to the electrical and mechanical properties of a tip and a sample. 8, 9 Thus, the quantitative evaluation of surface properties is difficult by a simple measurement of the total amount of energy dissipation. However, previously reported energy dissipation values measured by NC-AFM have suggested that the force sensitivity to dissipative interactions obtained with a typical NC-AFM setup is much higher than that to conservative ones. 10, 11 For example, an energy dissipation of less than 1 fW was accurately measured in previous studies, 10, 11 which means that a dissipative electrostatic force of less than 0.01 pN is readily detected in NC-AFM. This indicates that the use of dissipative forces instead of conservative ones should improve such sensitivity in surface property measurements.
In this article, we propose a novel NC-AFM-based technique referred to as the "dissipative force modulation (DM) method." By introducing and detecting a modulated dissipative force, the method enables the separation of the dissipative interaction of interest. Combining this method with KFM, we have developed a modified type of KFM that enables quantitative surface potential measurement with an ex-tremely high sensitivity. To show the clear contrast between the currently used KFM and the newly developed one, we hereafter describe these two methods as conservative force modulation KFM (CM-KFM) and dissipative force modulation KFM (DM-KFM), respectively. In this article, the basic principle and experimental setup of DM-KFM are presented. The extremely high sensitivity of NC-AFM to a dissipative interaction force is experimentally demonstrated. In addition, the preliminary results of surface potential measurements using DM-KFM are presented.
II. BASIC PRINCIPLE

A. Conservative and dissipative forces
In NC-AFM, the phase difference between cantilever oscillation and its excitation signal ͑v exc ͒ is continuously kept constant at 90°with a self-excitation circuit. Thus, v exc and tip position ͑z t ͒ can be described as v exc = V exc cos͑t͒, ͑1͒
V exc and are the amplitude and frequency of the cantilever excitation signal, respectively. z t0 and A denote the mean tip position and the amplitude of the cantilever vibration, respectively.
Due to the high Q-factor of the cantilever, cantilever motion, particularly in vacuum, is predominantly affected by the -components of tip-sample interaction forces. Accordingly, the tip-sample interaction force ͑F ts ͒ can be approximately described by two trigonometric functions whose phases differ by 90°,
The first component ͑F tsc sin͑t͒͒ changes with the same phase as that of the cantilever vibration, which induces a frequency shift ͑⌬f͒ of cantilever resonance without dissipating vibration energy. On the other hand, the second component ͑F tsd cos͑t͒͒ changes with the same phase as that of the cantilever excitation signal, which dissipates some energy of the cantilever vibration. The energy dissipation results in an amplitude variation ͑⌬A͒ of the cantilever oscillation. In this article, we refer to the former component as conservative force and to the latter as dissipative force. From the equation of motion, ⌬f and ⌬A are given by
where f 0 , k, and Q are the resonance frequency, the spring constant and the Q-factor of the cantilever, respectively. Thus, the minimum detectable force for conservative interactions ͑␦F tsc ͒ and that for dissipative interactions ͑␦F tsd ͒ are given by
where ␦f and ␦A are the minimum detectable frequency and amplitude, respectively. There are two major noise sources that limit the sensitivities to frequency and amplitude in NC-AFM, which are the thermal vibration of the cantilever and noise from the deflection sensor. In both CM-and DM-KFM, a conservative force or a dissipative electrostatic force is modulated at a frequency of f m by applying an ac bias voltage ͑f m Ӷ f 0 ͒. Thus, the spectral noise density of a cantilever deflection signal at a frequency of f 0 + f m has to be taken into account for the evaluation of the force sensitivities. For the noise arisig from the cantilever thermal vibration, the root-meansquare (RMS) value of spectral noise density ͑n th ͒ at a frequency of f 0 + f m is approximately expressed by 1 n th = ͱ k B Tf 0 2 kQf m 2 . ͑8͒ Table I shows an example of typical cantilever parameters under vacuum and experimental conditions. Under these conditions, n th is 13 fm/ ͱ Hz. On the other hand, the typical RMS value of the spectral noise density arising from a deflection sensor ͑n ds ͒ falls in the range of 0.1-1 pm/ ͱ Hz, which is much larger than n th . Thus, n ds predominantly determines ␦f and ␦A for typical NC-AFM setups operating in vacuum.
Assuming that the modulated frequency and amplitude are detected with a lock-in amplifier with a bandwidth of B, ␦f, and ␦A at a modulation frequency of f m are, respectively, given by 12
͑10͒
Note that the condition f m 2 ӷ B 2 is assumed in obtaining ␦f. With the typical conditions given in Table I , ␦f is approximately 0.3-3 Hz while ␦A is approximately 1.4-14 pm.
From Eqs. (6), (7), (9) , and (10), ␦F tsc and ␦F tsd are, respectively, obtained as 
͑12͒
Under the typical conditions shown in Table I , ␦F tsc is approximately 0.4-4 pN while ␦F tsd is approximately 2 − 20 fN. Therefore, owing to the high Q-factor of the cantilever in vacuum, the force sensitivity to dissipative interactions obtained with a typical NC-AFM setup is much higher than that to conservative ones.
B. Conservative force modulation method
When a dc bias voltage is applied between a tip and a sample, the induced electrostatic force ͑F es ͒ changes with the same frequency and phase as those of the cantilever vibration. This is because F es is a function of tip position which changes according to Eq. (2). Thus, the induced electrostatic force is naturally conservative. In CM-KFM, a bias voltage oscillating with a frequency ͑ m ͒ much lower than that of the cantilever vibration is applied between the tip and the sample for introducing a modulated conservative electrostatic force. Figure 1 shows an experimental setup for CM-KFM. In CM-KFM, an ac bias voltage V ac cos͑ m t͒ and a dc bias voltage V bias is applied between a tip and a sample. Accordingly, the tip-sample potential difference V ts is given by
Here V CPD is the contact potential difference between the tip and the sample and V dc is defined as the sum of V bias and V CPD . F es induced by V ts is given by 13
where 0 and R are the dielectric constant in vacuum and the tip radius, respectively. Using Eq.
(2), the equation is rewritten as
͑16͒
where we assume that A Ӷ z t0 . Although this assumption is not always satisfied in conventional NC-AFM, we have checked that no significant difference was made in the following discussion even without this assumption. Thus, we still keep it to have the essential understanding by simple calculation. From Eq. (16), the conservative electrostatic force ͑F esc ͒ is given by
while the dissipative electrostatic force ͑F esd ͒ is zero. From Eqs. (4), (13) , and (17), the m component of the frequency shift ͑⌬f m ͒ induced by the electrostatic interaction is given by
This frequency variation is detected with a lock-in amplifier from the output signal of a frequency modulation (FM) detector. Then the detected signal is fed into the feedback electronics that controls V bias so as to make V dc zero. Consequently, the surface potential image is obtained by recording −V bias as the tip is scanning over a surface. From Eqs. (9) and (18), the minimum detectable contact potential difference ␦V CPD is given by
͑19͒
Using the typical conditions given in Table I , ␦V CPD is approximately 15-150 mV at V ac of 1 V. In other words, to obtain a potential resolution higher than 10 mV, V ac has to be higher than 1 V. The application of an ac bias voltage also produces a dc component of the frequency shift ͑⌬f dc ͒ as well as the m component. This dc component remains even when the bias feedback regulation reaches a steady state ͑V dc =0͒ and is given by
Under the typical conditions shown in Table I , ⌬f dc is 7.2 Hz at V ac =1 V. This value is not negligible compared with the typical frequency shift values used for topographic imaging, which ranges from 10 to 100 Hz. Thus, ⌬f dc can cause topographic artifacts as previously reported. 14 In particular, for KFM applications to insulating thin films, such as organic thin films, on metal surfaces, z t0 should be defined as the distance between the metal surface and the tip position. In addition, the dielectric constant between the tip and the metal surface can vary depending on the type of film material. Accordingly, site-dependent variations in z t0 and dielectric constant can result in topographic artifacts due to the variation in ⌬f dc . This is one of the major problems in CM-KFM. 
C. Dissipative force modulation method
Since the electrostatic force in a simple CM-KFM setup is conservative, we need to modify the setup to detect F es as the dissipative force ͑F esd ͒. The required dissipative force must have the same frequency as that of the cantilever oscillation but a 90°phase difference. The cantilever excitation signal in a self-excitation circuit which coincides with these conditions can be an appropriate candidate for generating the dissipative force. In DM-KFM, F esd is introduced by applying an ac bias voltage synchronized with the cantilever excitation signal. Then the amplitude of the ac bias voltage is modulated at a frequency ͑ m ͒ much lower than that of the cantilever vibration (), producing a modulated dissipative electrostatic force. Figure 2 shows an experimental setup for DM-KFM. Note that the tip-sample distance is regulated in the constant frequency shift mode although this part of the setup is omitted in Fig. 2 to avoid complication. In DM-KFM, an ac bias voltage V ac cos͑ m t͒cos͑t͒ and a dc bias voltage V bias are applied between the tip and the sample. The resultant tipsample potential difference V ts is given by
Note that V dc has been defined in Eq. (14) . From Eqs. (14), (16) , and (21), the electrostatic force ͑F es ͒ produced by the application of the bias voltage is given by
where we take the components with the first order of sin͑t͒ or cos͑t͒ into account. The second term on the right-hand side of Eq. (22) corresponds to the dissipative electrostatic force which induces amplitude variation ͑⌬A͒ described by
The amplitude variation is detected with a lock-in amplifier from the output signal of an amplitude modulation (AM) detector with a bandwidth larger than m . The detected sig-nal is fed into the feedback electronics that control V bias for canceling out the m component of amplitude variation. Consequently, V bias is kept equal to −V CPD . Thus, a surface potential image can be obtained by two-dimensionally mapping the values of −V bias . From Eqs. (10) and (23), the minimum detectable contact potential difference ͑␦V CPD ͒ is given by
͑24͒
Under the typical conditions shown in Table I , ␦V CPD is 0.58-5.8 mV at a V ac of 0.1 V. That is, V ac of 0.1 V is sufficiently high for obtaining a potential resolution of 10 mV. Owing to the high force sensitivity of DM-KFM, we can achieve a sufficient potential resolution with smaller V ac values than those required for CM-KFM.
The first term on the right-hand side of Eq. (22) represents the conservative electrostatic force that causes a frequency shift of the cantilever resonance. The dc frequency shift ͑⌬f dc ͒ in a steady state under the bias feedback control ͑V bias =−V CPD ͒ is given by
Comparing this equation with Eq. (20), one can find that ⌬f dc in DM-KFM is 1/4 that in CM-KFM. In addition, ⌬f dc can be decreased to a negligible value because small V ac values are available in DM-KFM. For example, under the typical conditions shown in Table I , ⌬f dc is 0.018 Hz at V ac of 0.1 V. The result shows that DM-KFM enables high resolution potential measurements without inducing topographic artifacts. The reduction in V ac is also beneficial for suppressing the influence of bias voltage on sample properties to be measured by KFM.
III. RESULTS AND DISCUSSIONS
A. Signal-to-noise ratio measurements
Although the previously reported energy dissipation values obtained with NC-AFM have suggested that the force sensitivity of NC-AFM to dissipative interactions is higher than that to conservative ones, 10, 11 quantitative comparison between these two force sensitivities has not yet been performed. In this study, we even compared the signal-to-noise ratio (SNR) of FM-and AM-detected signals generated by conservative and dissipative electrostatic forces at different bias modulation frequencies.
For the conservative force measurement, an ac bias voltage of V ac cos͑ m t͒ was applied between the tip and the sample and the modulated frequency shift was detected with an FM detector. On the other hand, for the dissipative force measurement, an ac bias voltage of V ac cos͑ m t͒cos͑t͒ was applied and the induced amplitude variation was detected with an AM detector. The bandwidths of the FM and AM detectors were 1 kHz. A commercially available ultrahigh vacuum (UHV) NC-AFM (JEOL: JSPM-4500) was used. A homebuilt PLL circuit using a voltage-controlled crystal oscillator (VCXO) (Ref. 15 ) was used for FM detection while an RMS-DC converter was used for AM detection. SNR was show the waveforms of FM-and AM-detected signals obtained at a modulation frequency of 100 Hz, respectively. These waveforms reveal that the AMdetected signal has a much higher SNR than the FM-detected signal. This result experimentally demonstrates that the force sensitivity of NC-AFM to dissipative interactions is much higher than that to conservative ones. Figure 3(c) shows the frequency dependences of the SNRs of AM-and FMdetected signals. The result indicates that the SNR of the AM-detected signal decreases with increasing modulation frequency while the SNR of the FM-detected signal remains almost constant. However, the result also shows that the AMdetected signal still exhibits a higher SNR than the FMdetected signal even at a modulation frequency of 1 kHz.
The amplitude variation induced by a dissipative force settles on a time scale of AM Ϸ 2Q / f 0 while the response time for the frequency variation induced by a conservative force is given by FM Ϸ 1/ f 0 . 12 Namely, AM detection has a slower time response by a factor of Q than that of FM detection, which decreases force sensitivity to dissipative forces at higher modulation frequencies. Thus, the DM method is most effective for applications that require an extremely high force sensitivity but not a very high scanning speed. The use of a high-resonance-frequency cantilever is the most effective way of enhancing force sensitivity and improving the time response of AM detection.
B. Surface potential imaging
Using DM-and CM-KFM, we have measured the surface potential distribution of a dimethylquinquethiophene (M5T) monolayer formed on a Pt surface. M5T molecules [ Fig. 4(a) ] deposited on a Pt surface form monolayer islands with their molecular axes perpendicular to the surface, as shown in Fig. 4(b) . It has been reported that these monolayer islands have 100-200 mV higher surface potential than Pt surfaces. 16 Figure 5 shows the topographic and potential images taken by CM-and DM-KFM. The film/substrate potential difference measured from these two potential images [(Figs. 5(b) and 5(d)] agreed well and the value was approximately 100 mV. Owing to the excellent SNR of AM detection, the potential image obtained by DM-KFM shows a much clearer contrast than the CM-KFM image. Namely, the result demonstrates that DM-KFM has a higher potential resolution than CM-KFM.
In CM-KFM, it was difficult to obtain a clear surface potential image with V ac values of less than approximately 1 V while clear potential contrast was obtained in DM-KFM even with V ac of 0.1 V as shown in Fig. 5(d) . The result shows that DM-KFM enables us to achieve a sufficiently high potential sensitivity even with a small V ac , markedly suppressing the possible formation of topographic artifacts and the influence of the bias application on the sample properties. DM-KFM is also suitable for NC-AFM operation with a small cantilever vibration amplitude, which has been recently proven to be beneficial for enhancing spatial resolution in topographic imaging. 17 ␦V CPD for CM-KFM increases In terms of the spatial resolution of a potential image, CM-KFM has an advantage over DM-KFM. Comparing Eqs. (18) and (23), we can find that ⌬f m is proportional to 1 / z t0 2 while ⌬A changes in proportion to 1 / z t0 . Thus, DM-KFM is more sensitive to long-range interaction force than CM-KFM. If we use an ac bias voltage of V ac cos͑ m t͒cot͑t͒ instead of V ac cos͑ m t͒cos͑t͒, we would be able to make ⌬A proportional to 1 / z t0 2 . In that case, however, a highvoltage pulse will be intermittently applied between a tip and a sample, which may influence the sample properties to be measured by KFM.
In this study, we applied the DM method to surface potential measurements by KFM. However, the DM method can be applied to not only KFM but also other surface property measurements such as magnetic force microscopy and photo induced force microscopy. 18 
